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STRUCTURAL ANALYSIS OF COMPOSITE FLYWHEELS:

AN INTEGRATED NDE AND FEM APPROACH

Ali Abdul-Aziz, George Baaklini, and Jeffrey Trudell
National Aeronautics and Space Administration

Glenn Research Center

Cleveland, Ohio 44135

SUMMARY

A structural assessment by integrating finite-element methods (FEM) and a nondestructive evaluation (NDE) of

two flywheel rotor assemblies is presented. Composite rotor A is pancakelike with a solid hub design, and composite

rotor B is cylindrical with a hollow hub design. Detailed analyses under combined centrifugal and interference-fit

loading are performed. Two- and three-dimensional stress analyses and two-dimensional fracture mechanics analy-

ses are conducted. A comparison of the structural analysis results obtained with those extracted via NDE findings is

reported. Contact effects due to press-fit conditions are evaluated. Stress results generated from the finite-element

analyses were corroborated with the analytical solution. Cracks due to rotational loading up to 48 000 rpm for rotor

A and 34 000 rpm for rotor B were successfully imaged with NDE and predicted with FEM and fracture mechanics

analyses. A procedure that extends current structural analysis to a life prediction tool is also defined.

INTRODUCTION

Composite flywheels are being developed as an alternative to expensive and short-life chemical batteries. Fly-

wheels promise orders of magnitude increases in performance and service life in many NASA and military applica-

tions, including spacecraft, launch vehicles, aircraft power systems, uninterruptible power supplies, and planetary

outposts and rovers (ref. 1). Although the technology holds great promise, there remain a number of challenges to
overcome, such as rotor certification for safe life, before these advanced flywheels reach operational status. Carbon-

fiber-reinforced polymer composites are the materials of choice for energy applications because of the high energy

and power densities that they can achieve (ref. 2). Flywheel design topology can also allow a burst failure mode that

is relatively benign in comparison with flywheels made of metallic materials (ref. 3).
A successful deployment of flywheels must address the long-term durability issue of polymer composites due to

the limited availability of information about their fatigue characteristics and nonlinear behavior, especially at

elevated temperatures. Nondestructive evaluation (NDE) in combination with stress, fracture mechanics, and life

prediction models are expected to set a standardized procedure to accurately assess the applicability of using various

composite materials to design a suitable rotor-flywheel assembly.
However, for NDE information to be useful in structural characterization and modeling, the NDE data format

must be compatible with microstructural and structural models currently being developed (ref. 4). Moreover, to

enhance the usefulness of the NDE application, qualitative and quantitative computer analysis tools based on NDE

imaging modalities must be developed. Qualitative tools include two- and three-dimensional visualization methods.

Quantitative tools include segmentation methods that can send output to commercial finite-element, micro-
mechanical, and/or continuum damage model software (refs. 5 and 6) for the evaluation of composite materials and

components.
This report describes the finite-element analyses and the NDE modality undertaken on two flywheel rotors that

were spun to burst speed. Computed tomography (CT) and dimensional measurements were used to nondestruc-

tively evaluate the rotors before and/or after they were spun to the first crack detection. CT data findings of two- and
three-dimensional crack formation were used to conduct finite-element and fracture mechanics analyses. A proce-

dure to extend these analyses to estimate the life of these components is also outlined.
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ROTORTESTCONFIGURATIONS

Twospin-testedrotorconfigurationswereanalyzedandscanned.ThefirstwasrotorA, a single thick ring that

was assembled on a solid aluminum hub. Rotor B, the second configuration, is considered a mass-loaded device.

The compressive radial stresses induced by the mass-loading hub help to overcome the poor transverse tensile

strength of filament-wound composites; however, the disadvantage is that the circumferential and edge stresses at

the inner diameter are increased. The following describes each layout.

I. Pancake rotor assembly A was assembled by U.S. Flywheel Systems, Inc. l and the composite rim was

manufactured by Toray Fiber, Inc. 2 The rim inside diameter (id) is 6.9 in., the outside diameter is 11.5 in., and the

height is 1 in. (fig. i). The rim is made of M30G carbon fiber and an epoxy resin system. The radial interference fit
between the rotor rim and the solid aluminum hub is 0.014 in.

2. Composite rotor assembly B was manufactured by U.S. Flywheel Systems and is shown in figure 2. Rotor B

has an approximate inside diameter of 6.9 in., an outside diameter of 10.5 in., and a height of 8.5 in. The aluminum

hub is designed to mass load the rim and with the addition of an interference fit, to reduce the peak radial tensile

stresses. The rim is made of Hexel's IM7 carbon and AS4D carbon fiber and a shell epoxy resin mixture. The com-

posite rotor rim is 78.3 percent fiber by weight and 71 percent by volume. IM7 fiber was wound at the inner diam-

eter and outer diameter with AS4D fiber in the central portion. The radial interference fit between the composite
rotor rim and the aluminum hub is 0.013 in.

FINITE-ELEMENT ANALYSIS

The loading state of a flywheel includes centrifugal, interference, thermal, and residual stresses. For axisym-

metric rotors, analytical solutions are available to solve for the rotor stress state. Timoshenko (ref. 7) provided the

derivation of the stress state in a cylinder subjected to internal and external pressures, temperature, and centrifugal

loading. In Manson (ref. 8), the axisymmetric stress distribution is solved via finite-difference techniques and

accounts for height, density, modulus, and temperature variations as a function of radius. Genta (ref. 9) modified

Manson's procedure to include orthotropic materials. Gabrys (ref. 10) provides a simple way to solve for the rotor

stress state by superimposing anisotropic elasticity analytical solutions. Gabrys also provides a simple method to

predict residual stresses that result from the fabrication process and the experimental correlation of the flywheel
ring coefficient of thermal expansion.

The superimposed solutions assume plane stress and are only applicable for constant-axial-height, cylindrically

orthotropic flywheels. Finite-element analyses are performed when the rotors or applied loads are not axisymmetric

or if fracture mechanics analysis is to be performed. The ANSYS (ref. 1 I) finite-element code was used to solve the

nonlinear, two- and three-dimensional contact analysis, whereas the two-dimensional stress and fracture mechanics

analyses were performed with MARC (ref. 12). The two- and three-dimensional, finite-element models were gener-

ated using MSC/Patran Graphics (ref. 13) and ANSYS GUI, and inputs were generated for each FE code accord-

ingly. The ANSYS Parametric Design Language (ADPL) was implemented to automatic nonlinear solution and data

recovery with parametric changes in geometry, material, mesh, boundary conditions, and loads.

Pancake Rotor A

The MARC pancake rotor A model consisted of 995 nodes and 912 quad4 elements and is shown in figure 3.

The choice of the planar representation (plane stress) of a disk allows analysis of nonaxisymrnetric rotors (i.e., bolt

holes for hub-shaft attachment). An alternative approach would use axisymmetric elements to account for variations

in the radial and hoop stresses as a function of axial height and would decrease the required number of elements

and run time. The nodes modeling the contact were intentionally offset in the hoop direction and were not radially

aligned to accommodate the contact condition set by the MARC code. The ANSYS pancake rotor A model con-

sisted of 7065 nodes and 7290 PLANE42 and CONTACT48 elements and is shown in figure 4. A large number of

elements was generated as run times were only a minute or two and peak stress locations are resolved more

IU.S. Flywheel Systems, Newberry Park, CA 91320.
'*ForayFiber, Inc., Tacoma, WA 98446.
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accurately;however,fewerelementsbyanorderofmagnitudewouldgivesimilarresults.UsingGenta'smethod
codedinFORTRAN,theaxisymmetricstressdistributionoftherotorAwassolvedandcomparedwiththetwo-
dimensionalsolutionsofMARCandANSYStobenchmarkthemodelingapproaches.

RotorB

Thesecondmass-loadedhubwasmodeledinbothtwoandthreedimensions,whichprovidedguidancetoper-
formthefracturemechanicsanalysisintwodimensions.Bothfinite-elementmethod(FEM) codes, ANSYS, and

MARC were utilized to conduct these analyses. The rim stress distribution is clearly three dimensional due to the

axial counterbore and its 1/8th cyclic symmetry, creating a nonuniform axial and circumferential mass loading of
the hub. The three-dimensional model consists of 1642 eight-node brick elements and -,83 nodes and is shown in

figure 5. Only half the axial height was included in the model and the X,Y-plane nodes were constrained in the

Z-direction to represent axial symmetry. The two-dimensional-model assembly consists of 1408 quad4 and quad8

elements and 2592 nodes and is shown in figure 6. The two reasons for using both quad4 and quad8 elements to

model the rim were that (1) quad4 elements are needed to model the contact region between the hub and rim since

higher order elements are not suitable for contact analysis because of a mismatch in stiffness between midside and
comer nodes and (2) quad8 elements are required for subsequent fracture mechanics analysis. This however creates

a region in which there is a stiffness mismatch between midside and comer nodes, although it is a region of low
radial stress and not at the contact surface. Quarter symmetry was chosen to facilitate the application of boundary

conditions to the X,Y-axes.

The material properties listed in table I were used for the analyses. The composite properties were generated

using the software ICAN (Integrated Composite Analyzer, ref. 14) because coupon test data were not available.

Orthotropic and directionality effects of the material properties were all accounted for in the analyses.

In perfomling the analysis, the applied load is divided into a series of small incremental steps to aid in reaching

a converging solution and to avoid encountering mathematical instabilities typically during contact. However, the

first load step includes the full amount of interference, with successive load steps applying small increments of all

other applied loads.

FRACTURE MECHANICS

To conduct the Iracture mechanics analysis, the J-integral parametric option available in the MARC code was

applied, rc,uhmg m the calculation of the change in strain energy due to nodal movement near the crack tip. This

quantit_ i, c_ alu.Jtcd bx numerical integration at each increment for each prescribed nodal movement to determine

the dcri_ alt_ col Ihc ,train energy with respect to the crack length at the end of each increment.
In addm,,n t,, _,xcrcoming the difficulty that is usually encountered in the finite-element fracture mechanics

representat,m ol the _olution near the crack tip, the mesh must be modeled so that the singularity is approximated

with sufficicnl accurac). Many methods have been established to arrive at such an approximation; however, the

most commonl._ employed uses a degenerate form of the standard eight-node quadrilateral element. This method,

usually rcfcrrcd to as the "'l/4-point node technique" (ref. 15), is also preferred for analyses conducted with the
MARC code {rcf. 12 _. It is applied by using an eight-node quarter of the edge length, the edge opposite the crack

being kept straight. When these steps are followed, a singularity in the stress field exists in all directions going

outward radially front the crack tip.

STRESS INTENSITY FACTOR

The calculation of the stress intensity factor K will allow one to determine at which load increment crack propa-

gation occurs. This is done by calculating the elastic-plastic energy release rate, which is confined to a single param-
eter: the strength of the singularity in the elastic-plastic stress field at the crack tip. The magnitude of K depends on

the crack length, the distribution and intensity of applied loads, and the geometry of the structure. Crack propagation

will occur when any combination of these factors causes K to be equal to or greater than the experimentally deter-

mined material threshold value (ref. 16). The equation that relates K to the energy release rate is (ref. 12)
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dW K 2
G = - (1)

dA E

where G is the energy release rate during a small crack extension; W is the strain energy in pounds force per inch per

inch; K is the stress intensity factor in thousands of pounds per square inch (kpsi); A = a X b where a and b are the

crack length and width in inches, respectively; and E is the modulus in thousands of pounds per square inch (kpsi).

The stress intensity factor is given by

/ d W
K = ,tE (2)

V dA

After the functional forms of K have been determined, the state of the stress and displacement near the crack tip

region of the structure can be determined. It must be noted, however, that these equations represent a specific provi-

sion that describes the general approach to identifying these key parameters. Thus, for polymer matrix composites

some modification will be required.

The life prediction computation is based on obtaining the data from the analysis and then applying the Paris

relation, which ties the number of life cycles to the crack length and the stress intensity factor (ref. 17) and is

described by

do

d N = c(--) nAK (3)

where N is the number of loading cycles, da is the incremental crack length, c and n are material constants deter-

mined from experimental data, and _ is the stress intensity factor range (Kx -- K_,). The loading cycle is defined

as a combination of the press fit and the rotational speed loading.

Equations (1) to (3) identify a procedure that would lead to life assessment calculations. However, a fatigue

crack growth data base would have to be established for these materials to perform a life estimate.

RESULTS AND DISCUSSION

The results generated are presented in this section, which includes details covering each rotor assembly and the

corresponding stress output.

Rotor A

The radial and hoop stress distributions of the pancake rotor assembly as predicted by the MARC code are

shown in figures 7 to 10 for the entire rotor and for the rim section only. The peak hoop stress is 141 kpsi at the rim

contact region with the hub (fig. 9). The peak radial stress of 3.4 kpsi occurs at a radial location of 4.35 in. as indi-

cated in figure 10. These stresses were generated at a rotational speed of 48 000 rpm.

The radial and hoop stress distributions as calculated by ANSYS are shown in figures 11 and 12. The peak
radial stress is 3.52 kpsi and the peak hoop stress 135.30 kpsi. The nodal peak radial stress occurred at a location of

approximately 1.38 in. (nodal spacing was o. 115) from the inside diameter of the 2.3-in.-thick rim. The variation in
radial stress versus radius for several speeds is shown in figure 13. Note that the location of peak radial stress moves

from the outer radius to the center as speed increases because the centrifugal loading continues to offset the com-

pressive preload during assembly. Generally, carbon fiber exhibits an out-of-plane radial strength of 3 to 10 kpsi and

200 to 300 kpsi in the hoop direction (ref. 18). However, the processing technique for the composite materials

addressed in this work must be verified in order for these provisions to be held valid.
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TheresultsofGenta'smodificationofManson'sfinite-differencemethodareshownin tableII. Note that the

rim peak radial stress is predicted to be 3.52 kpsi at a radial location of 4.83 in. (1.38 in. from the rim id), which is

in excellent agreement with the ANSYS and MARC results. The fiber volume ratio (FVR) was then reduced to 0.63

(but the same density of 0.69 FVR was assumed) to show the sensitivity of reduced stiffness (due to translational

inefficiencies, fatigue effects, variations in fiber and matrix properties) on the peak radial stress location. The peak

radial stress increased to 3.76 kpsi at the radial location of 4.78 in. (1.33 in. from the rim id), a shift of 0.05 in. from

the 0.69-FVR results. The peak hoop stress decreased to 126.9 from 135.5 kpsi. An estimate of residual stress was
then made (no measurements) based upon the cure cycle of the manufactured ring, and peak radial stress increased

to 6.4 kpsi at the radial location of 4.67 in. (1.23 in. from the rim id). The residual stress shifted the location of peak
radial stress 0.15 in. versus 0.05 in. for a 7-percent change in stiffness.

NDE Findings Versus FEM of Rotor A

As reported in the previous paragraph, the finite-element analyses (FEA) of the rotor assembly uncovered the

stress levels experienced by the unit as a result of the high rotational loading. After spin testing to 48 000 rpm, CT

images were taken to identify structural damage. Figure 14 shows a CT scan of the rotor after it was spun. An evalu-

ation of the CT image indicated a cracking of the rotor along the entire circumferential direction. The crack is nearly

symmetrical and is located at a 4.465-in. radial distance. The finite-element analysis reported in figures 10 and 11

showed that the maximum radial stress region is at a radial distance range of 4.35 to 5.34 in. Furthermore, the peak
radial stress occurred at 4.78 in. or with the addition of estimated residual stress, at 4.67 in. With a 7-percent stiff-

ness reduction, the crack would move farther toward the center of the rim to 4.62 in. Because of the symmetrical

nature of the crack, with accurate estimates or measurements of stiffness and residual stress and assuming no local-

ized stress concentrations, the stress analysis can be correlated to crack location observed by the CT scan, which

corroborates that the FEA is in good agreement with the NDE findings. In addition, both procedures demonstrated

that obtaining parallel results from both methods is achievable. Additionally, these findings constitute an additional

means of verifying and confirming service-related damage and design anomalies typically experienced by various

structural components.

Mass-Loaded Hub Rotor B

Figures 15 and 16 illustrate the two-dimensional radial stresses and the hoop stresses for the rotor. The stress

distribution as shown in figure 15 is the result of a complicated combined press-fit centrifugal loading on a

nonaxisymmetric structure. Higher hoop stresses are generated at the rim-hub interface as a result of the contact

effects or mass loading of the hub onto the rim. The corresponding stress magnitude reached 94 kpsi. The radial

stress profile in figure 16 shows that the maximum stress level in the hub is in the hub holes, which is an indication

that the hub is very likely to fail at that particular section if a higher rotational load is applied. A nonuniform radial

stress distribution shown in the rim near the hub-rim interface has developed because quad8 and quad4 elements

were used, creating a mismatch in stiffness between the midside and corner nodes. The nonuniform stress distribu-

tion also created convergence problems and tremendous increases in CPU times.

Figure 17 shows the three-dimensional hoop stress distribution generated in the flywheel at 34 000 rpm, the

speed at which the first crack developed in the rim. Note that the hoop stress reaches a maximum value of 113 kpsi
at the area of contact between the rim and the hub. The radial stress distribution at 34 000 rpm is shown in figure 18.

As expected, the peak radial stress is again in the hub holes. Figure 19 shows the Von Mises stresses in the hub with

a stress level of 32.4 kpsi at the region adjacent to the holes.

Figure 20 illustrates the three-dimensional hoop stresses for the rim only at 34 000 rpm. Note that a nonuniform

hoop stress distribution is clearly shown. The maximum hoop stress occurs at the axial region below the counterbore

of the hub, which can be explained by examining the radial stress distribution. Figure 21 illustrates the three-
dimensional radial stresses. Note the axial shift in radial stress due to the counterbore in the hub, which is also illus-

trated at 0 ° and 30 ° in figures 22 and 23. The compressive radial stresses at the rim inner radius decrease axially

from the center to the top edge, but this higher radial preload induces higher hoop stresses in the center than in the

top edge.
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Thepeakhoopstressdistributionwillbereversedasthespeedisincreasedbecausethecentrifugalforces
decreasetheinitialinterferencepreloadnearthecenter,andthecounterboremass-loadingregionofthehubinduces
highercompressiveradialstresses.Themassloadingofthecounterboresectionofthehubwillalsocreatehigher
bendingstressesintherimthanthatofasolidhubdesign,andshearstresslevelswillhavetobeaddressedatthe
higherspeeds.Withregardtoradialstressmagnitude,thepeakisabout0.3kpsiataradialdistanceof5.51in.
(fig.21).Theradialstress,whencombinedwithestimatedresidualstresses,appearstobeatthelowerboundofthe
expectedtransversestrengthlevelsandindicatesacriticalvaluethatcausesfailure.Residualstresseswill increase
andshiftthepeakradialstressesinwardtowardthecenteroftherimaswouldthedecreasedhoopstiffnessthatwas
describedintheprevioussection.

Figure24representsthetwo-dimensionalradialstressdistributionoftherotorobtainedfromthefracture
mechanicsanalysisatarotationalspeedof34000rpm.Figure25duplicatesfigure24withtheexceptionthatit
illustratesacloserviewofthecrackpropagationgenerated.Thecrackwaspropagatedatthenodalpointoftheele-
mentthatexhibitedthehigheststressasindicatedbyanearlierthree-dimensionalstressanalysis.Aninitialcrack
sizeof0.005in.wasassumedbaseduponbothdatasuggestedbytheCTscanandvisualinspection.Furthermore,
thecrackcollectedthroughtheCTscanwasasymmetricandit replicatedthephenomenaexperiencedbythefly-
wheelwhileundergoingexcessivecentrifugalloading.Inthiswork,however,tosimplifytheanalyticalcalculations,
thetwo-dimensionalanalysesassumedthatthecrackwasbeingpropagatedsymmetricallywithrespecttotheradial
directionandalongthecircumferenceoftheflywheel.

Additionalobservationsnotedinviewingfigure25areconfinedtothefactthatthestressmagnitudeatthecrack
tipgrewhigherasthecrackadvanced.Thecounterboreinthehubisprimarilyresponsibleforthehighrimbending
stressesthatcontributedtotherotorcracking.Figure26presentstheenergyreleaserateversusthecracklength.A
highlightedlinearvariation(asanticipated)showsthatthehighertheenergyrate,thehigherthecracklength.Fur-
thermore,thisdenotesthatahigherenergyreleaseratewouldultimatelyleadtounstablecrackgrowthprovidedthat
thefracturetoughnessdataofthematerialdemonstratesuchapossibility.Thisscenariowilldrivethecracktogrow
untilit hitstheedgeorboundaries.Moreover,thisinformationprovidesapreliminaryguideforperforminglife
analyseswhenfatiguecrackgrowthdataforthesematerialsbecomeavailable.

NDEFindingsVersusFEMofRotorB

TheNDE-FEAresultsforrotorBarepresentedinthissection.Figure25showsacomputedCTscanforthe
rotor.The_canisacross-sectionalviewtakeninadirectionparalleltotheaxisofrotation.Thedefectsdetectedby
theCTscanclcarl._.,,howthetwocracks,whichvaryinaxiallocationbecauseofthevariationin theradialstress
profilecreatedb_themass-loadedhubandtherotationalspeedof34000rpm.Theviewindicatesthatthecracks
areparallelIt, the n_tor axis of rotation, they are asymmetrical along the entire radial direction, and they fall within

5.33 to 5.81 in at the middle section of the rotor. These data are in close agreement with the FEA data without

residual slrc,,_.',. _ hich initiated peak radial stresses at a radial distance of 5.51 to 6.12 in. These findings supported

the fact that starting crack propagation at that particular location via the fracture mechanics analysis was consistent
with the CT d.kta

Other supporting data relating NDE to FEA are seen in figures 23 and 27. For instance, the stress results shown

in figure 23. which represents the radial stresses in the rim, clearly indicate that the maximum stress region is within
the section defined bv the CT scan. Figure 23 describes the stress region at the contact side with the hollow hub

whereas figure 27 shows the crack locations and variations within the rim. The measurements reported, as obtained

from figure 27, once more show that the NDE data correlate well with those predicted by the FEA.
Looking at the data collected from the CT scan and the FEA results allows us to conclude that with a good

degree of accuracy, it was possible to detect the crack origination area and its direction. Furthermore, the NDE data
assisted us in performing a three-dimensional, finite-element analysis to identify the crack and the maximum stress

locations. Such information was greatly needed to grow a crack in the rim for life prediction purposes.
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CONCLUSIONS

Two-andthree-dimensional,finite-elementstressanalyseswereconductedfortwoflywheelrotorsystems
withsolidandhollowhubs,respectively.Subsequenttwo-dimensionalfracturemechanicsanalysiswereconducted
totraceacrackpropagationidentifiedbycomputedtomography(CT)scansafterspinloadingto34000rpm.The

results were discussed and compared with those predicted by CT. The following conclusions are drawn:

1. The finite-element analyses (FEA) showed that the rotor first crack as detected by the CT scan can be

modeled with finite elements provided that the material properties and residual loads are adequately quantified.

2. Indepth FEA modeling and evaluation of two flywheel rotor systems under spin loading conditions was suc-

cessfully conducted.

3. Crack location cited via CT corresponded well with that simulated by the fracture mechanics analysis.

4. Lack of fatigue crack propagation data for the composite materials hindered conducting a life estimate as

desired. Until a fatigue crack growth data base is established, conducting a life assessment will remain an
unattainable task.

5. An aluminum hub design is a crucial factor affecting the durability of the rotor because an improper hub

design can result in high bending stresses that in turn result in complex crack propagation behavior. Therefore, the

hub designer must consider bringing the bending stresses to a minimum level.
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TABLE I.--FIBER AND COMPOSITES MATERIAL PROPERTIES

Properties Aluminum IM7 M30G

Density, lb/in)
Modulus of elasticity, E, k-psi

Eli

E2.,

E33

Poisson's ratio, v

Vt2

0.1010

10.4X10 _

0.30

AS4D

0.0584 '

13.6x102

29.6x10 _

13.6×10-"

0.013

0.0584

13.6x102

27.8x10 _

13.6xI0 ?

0.012

V21

v_s

Energy release rate, G, kpsi

Gt_

G.,:

G j3

.24 .24

.38 .39

6.68xi02 6.68xi02

6.68x102 6.68x10:

3.89x10" 3.89xi0-'

0.0567

13.3x10:

29.6x10 _

13.3x10"

0.011

.25

.39

6.44x 10-"

6.44x10"

3.76x10:
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TABLE II,--PANCAKE ROTOR STRESS:STRAIN DISTRIBUTION USING GENTA'S METHOD (REF. 9)

Pancake M30G 6.9"ID ]]°5"OD
............................................................................................................................
Element and Material Characteristics

Station Radius Height Tap Ec Er v rho

0 .000 1.000 1 .I070E+08 .1070E+08 .32 .2617E-03 AL7075-T6

1 3.450 1.000 1 .1070E+08 .1070E+08 .32 .2617E-03 AL7075-T6

2 3.450 1.000 1 .2962E+08 .1326E+07 .25 .1471E-03 fwm30gfv69

3 5.750 1.000 1 .2962E+08 .1326E+07 .25 .1471E-03 fwm30gfv69
............................................................................................................................
BC: Pressure and Interference

Station Radius Height Pressure Interference

0 .000 1.000 .0 .00000

1 3.450 1.000 .0 .00000

2 3.450 1.000 .0 .00000

......_.........A'!_?........L gAq.........:9...........:99Aq?...........................................................
Disk Stress Analysis Using Manson's Procedure - LU Solid Disk

Inner radius [in.] = ,000

Outer radius [in.] = 5.750

Mass = .0196

Moment of inertia = .2780

Angular velocity [ rpm] = 48000,0

Angular velocity [ tad/s] = 5026.5

Initial stress [ inner hub] = .0

Number of stations = 4

Number of elements/station = 50

Number of elements 150
..................................... _ ....................... i ......................................................... ----

Temperature and Thermal Data

Station Radius Thick Temp Alpha R Alpha C

0 ,000 1.000 312.2 .1300E-04 .1300E-04

1 3.450 1.000 312.2 .1300E-04 ,1300E-04

2 3.450 1.000 .0 -.3600E-06 .1460E-04

3 5.750 1.000 .0 -.3600E-06 .1460E-04
............................................................................................................................
Stress Distribution

Station Radius Height Sr (ksi) Sc Yon Mises

0 .000 1.000 22368.9 22368.9 22368.9

50 3.450 1.000 -10312.6 3066.8 12140.1

100 3.450 1.000 -10312.6 135297.9 140737.9
150 5.750 ],000 79725.2 79725.2

.0
............................................................................................................................
Strain/Displacement Distribution

Station Radius Height er ec ur

0 .000 ].000 .005480 .005480 .000000

50 3.450 1.000 .003003 ,004654 .016055

100 3.450 1.000 -.008903 .004654 .016055

150 5.750 1.000 -.000663 .002692 .015477

-_-_i_ _{_ ¥{_}-{6_{]%%: _%__ _i-_g_..........................................................................
Station Radius SrMa× SrMin ScMax ScMin

0 .000 22.4 22.4 22.4 22.4

1 3.450 22.4 -10.3 22.4 3.]

2 3.450 -10.3 -10.3 135.3 5.1

3 5.750 3.5 -9.0 130.5 79.7

_%-7_i_-_ _1_-6{_-_66 Ei%%--="_%_'_%_6 i_.........................................................................

I I I IStrain Strain Strain

KRPM PRELOAD Radial Hoop VIM Radial Hoop Radial Hoop

48.00 312.2F Max .0055 .0055 .0055 .0029 .0047

48.00 312.2F Min .0030 .0047 .0041 -.0089 ,0027

_-i_i_- _i_%7_T _i_-_6_Ei_=-_%%--i_%_g[ _..................................................................
AL7075-T6 fwm30gfv69

Displacement Displacement Displacement

KRPM PRELOAD Radial Hoop Radial Hoop Radial Hoop

48.00 312.2F Max .0161 .0000 .0161 .0000

48.00 312.2F Min .0000 .0000 .0136 .0000
............................................................................................................................
Max/MIN Stress Distribution - Each Assembly

I AL7075-T6 fwm30gfv6
Stress Stress Stress

KRPM PRELOAD Radial Hoop VM Radial Hoop Radial Hoop

48.00 312.2F Max 22.37 22.37 22.37 3.52 135.30

48.00 312,2F Min -10.31 3.07 9.11 -i0.31 5.11
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Figure 1.mPancake rotor assembly A with aluminum
hub.

X

Figure 3.mPancake rotor A two-dimensional, finite-
element model consisting of 912 quad4 elements
and 995 nodes. Based on MARC analysis.

Figure 2.--Composite rotor assembly B.

X

Figure 4.--Pancake rotor A two-dimensional, finite-
element model consisting of 7065 nodes and 7290
PLANE42 elements. Based on ANSYS analysis.

NASA/TM--2001-210461 10



Figure 5.wRotor B three-dimensional, finite-element
model consisting of 1642 eight-node brick elements
and 2283 nodes.

Radial

stress,
psi

21 757
BB

18 837 |
15 917
12 996 =

10 076

7155

4235 1

1314

-1606

-4527

-7447

-10 368

Figure 7.--Radial stress distribution for rotor A
based on MARC analysis. Rotational speed,
48 000 rpm.

Y
x

Figure 6.-- Rotor B two-dimensional, finite-element
model consisting of 1408 quad4 and quad8
elements and 2592 nodes.

Maximum /
stress

Hoop
stress,

psi
140 725
12;,917I
115 109 |
102 301 =
89 493

76 685 _63 877
51089I

38 261 i
25 453
12 645

-163I'
x

Figure 8.--Hoop stress distribution for rotor A based
on MARC analysis. Rotational speed, 48 000 rpm.
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Y

Maximum
stress

Hoop
stress,

psi
140 725
136 307
131 889

._. 127 471
123 053
118 635
114 216
109 796
105 380
100 962
96 544
92 126
87 708
83 290
78 872

Figure 9.--Rim hoop stress distribution for
rotor A based on MARC analysis. Rotational
speed, 48 000 rpm.

Radial

stress,
psi
-9197
-7784 "
-6370 "
-4957 ==
-3544 ==
-2131 ==

-717.537 ==
Maximum 695.689
stress 2109 ==

3522 In

X

Figure 11.--Rim radial stress distribution for rotor
A based on ANSYS analysis. Rotational speed,
48 000 rpm.

Radial

stress,
psi
3389
2477 II
1565 II

652 -
-260

-1173 1
-2085
-2997
-391o I
-4822 II
-5735 II

-6647 !Maximum -7559
stress at 4.35-in. -8472
axial distance -9384 |

-10 297
( 0.99 in.

X

Figure 10.--Rim radial stress distribution for
rotor A based on MARC analysis. Rotational
speed, 48 000 rpm.

Maximum
stress

Hoop
stress,

psi

80 034 ==
86 199
92 364 "=
98 530 "

104 695 ==
110 860 ==
117025
123 191
129 356 ___
135 521

z(x
Figure 12.--Rim hoop stress distribution for rotor

A based On ANSYS analysis. Rotational speed,
48 000 rpm.

NASA/TM--2001-210461 12



100xl 02
i

- o- _3- o -o- []--D- .o.o -t3
50 .o' "o..
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.._;.""_¢" × .... 36 000

-150 o - - - 48000

[]- " 58 000

-200 I I I I I
0.00 0.50 1.00 1.50 2.00 2.50

Distance, in.

Figure 13.--Rim radial stress distribution as function of radius at several speeds for
rotor A based on ANSYS analysis.

"_ 0
Q.

=-
_* -50

rr -100

Crack

Radial
distance,
4.465 in.

Figure 14._omputed tomography scan of tested
pancake rotor A.

Maximum
stress

Hoop
stress,

psi
96 496

89 922 !
83 349 _
76 775 =

70 202 I63 628
57 054 |
50 481 =

43 907 !37 334

30 760 !
24 186
17 613

L_ 11 0394 466 |
x -2 108

Figure 15.--Hoop stress distribution for rotor B
based on MARC two-dimensional analysis.

Rotational speed, 34 000 rpm.
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stress

Radial

stress,

psi

29 969
27 362
24 754
22 147
19 539
16 932
14 324
11 717

9109
6502
3895
1287

-1320

Y -3928
x -6535

-9143

Figure 16.--Radial stress distribution for rotor B

based on MARC two-dimensional analysis.

Rotational speed, 34 000 rpm.

y Z

Radial

stress,

psi

34 446

31 667 128 889
26 110 -
23 332

20 55317 775
14 996
12 217

9439
6660
3882
1103

-1675
Maximum -4454
stress -7232

Figure 18.ERadial stress distribution for rotor
B based on ANSYS three-dimensional, finite-

element analysis. Rotational speed, 34 000 rpm.

Hoop
stress,

psi

113 056
105 422 II

97 788 !
90 154 -
82 519

74 885 I_ 67 251
z

59 617 -

51 983 I

44 348
36 714
29 080
21 446

y\_Zjx Maximum 13 8116177
v

stress -1457

Figure 17.'Hoopstress a_str_uti0n for rotor B

based on ANSYS three-dimensional, finite-

element analysis. Rotational speed, 34 000 rpm.

Von Mises

stress,

psi

32 416

30 284
28 152

26 020

23 888
21 755

19 623

17 491

15 359

13 227

11 094

8962

y_Z Maximum 6830stress 4698
x 2566

434

Figure 19.--Von Mises stress distribution
for hub of rotor B based on ANSYS three-

dimensional, finite-element analysis.

Rotational speed, 34 000 rpm.

I

I

I
I
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z
y-.,..._ x Maximum

stress,

region

Radial

Hoop stress,

stress, psi

psi 202
lib

113 056 -233 !1

108 464 -649 _I

103 873

99 281

94 689

90 097

Figure 20.--Rim hoop stress distribution for rotor B
based on ANSYS three-dimensional, finite-element

analysis. Rotational speed, 34 000 rpm.

-1074 -
-1500
-1025I
-2351 |

-2776

-3202-3627

I
85 506 |

80 914 | -4053 II

763221 Maximum -4478 !
-4904

71 730 x stress and -5339
67 138 crack site -5754

62 547 -6180

Figure 22.--Rim radial stress distribution for rotor
B 0 ° slice based on ANSYS three-dimensional,

finite-element analysis. Rotational speed,

34 000 rpm.

Radial

stress,

psi

324

-106 I
-534

=

-963 =

-1392

-1821

-2250

-2679

-3108

Radial initiation -3537

y x distance, Maximum -3966

5.51 in. stress, -4395
0.6122 in.

Figure 21.mRim radial stress distribution for rotor B
based on ANSYS three-dimensional, finite-element

analysis. Rotational speed, 34 000 rpm.

Radial

stress,

psi

324

-103 !-529

-956 -
"-1382 -

-1809 I-2235

-2662 -
-3088 II
--3515 II

Maximum --3941
stress and -4368

crack site -4794

Y -5221
x -5640

-6074

Figure 23.--Rim radial stress distribution for rotor
B 30 ° slice based on ANSYS three-dimensional,

finite-element analysis. Rotational speed,

34 000 rpm.
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Radial

stress,
psi

Figure 24.--Rim fracture mechanics radial stress
distribution for rotor B based on MARC analysis.

Rotational speed, 34 000 rpm.

Radial

stress,
psi

Figure 25.--Rim fracture mechanics radial stress

distribution for rotor B based on MARC analysis.

Rotational speed 34 000 rpm (closeup view of

crack propagation).
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Figure 26.--Energy release rate as function of crack length for rotor B.

1
0.60
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Figure 27.---Cross-sectional computed tomography
scan of rotor B showing cracking.
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